Amino Acid Oxidation

e Protein turnover
» High protein diet
e Starvation/diabetes

Intracellular protein
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NH; Carbon skeletons

Biosynthesis of amino acids,

3 . 5 H &
nucleotides, and biological amines
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arginino-
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T h t f E E . d t. Cellular protein Liver
p COO0" Coo

* Amino group metabolism
* Nitrogen excretion
» Fate of C skeletons obtained from AAs
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Amino acids |

from ingested C—H

HyN— : ¢=0
protein ® R
Amino acids a-Keto acids

C00

HaN- \(!: H
Sy
(l;}l‘_.

Coo

2 Ccoo COO
Alanine + J |
from - HgN— lJ—H [|J=U
muscle CH, CH,
Alanine Pyruvate

(a)

“Ha Glutamine from
* musele and
other tissue

b
NH,

Glutamine

NHy, urea, or
uric acid
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NH;

Ammonia (as
ammonium ion)

Ammonotelic animals:

most aquatic vertebrates,

such as bony fishes and
the larvae of amphibia

HZN—(”3—NH2
0]

Urea

Ureotelic animals:
many terrestrial
vertebrates; also sharks

(b)

H

=0

Uric acid

Uricotelic animals:
birds, reptiles
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C=0
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Gastric glands in
B stomach lining

Pariotal cells
{secrote HCI)

Chief cells
(secrete
pepainogen
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isecretes gastring

Collecting duct

(e}
Villi of small
intestine

Small ViR

intestine
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Reactions involving amino group transfer

e Transamination

e Oxidative deamination

* Hydrolytic deamination

» ATP-dependent amination

S. Ensign, Chem. 5700

COO~
a-Ketoglutarate

Transamination

(IIOO"
coo™ H,N—C—H co0"
B PLP | |
+ HsN—C—H ——— CH, + =0
| aminotransferase I |
R (i:Hg R
COO~
L-Amino acid L-Glutamate a-Keto acid
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Vitamin Bg and Pyridoxal

phosphate
OH Y 0
H2C/ |C|> \C//
HO—CH; -O—P—0—CH,
O (|3 _ | - OH
@~ ®_~
N CHj N CHg
H H
Vitamin Bg Pyridoxal
Pyridoxine phosphate
pyridoxol
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Pyridoxal phosphate and Pyridoxamine

o)
0] H\C// T|) ., C/NHZ
2
-O—P—0—CH, -O—P—O—CH
| AN OH | 2 OH
) | ®_~ i | @t
N CH N CH
H 3 H 3
Pyridoxal Pyridoxamine
phosphate phosphate
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Formation of the Schiff base adduct of PLP
and the e-amino group of a lysine side chain

I‘_ys*Enzyme
NH Lys—Enzyme I‘_yS*Enzyme
H* .
NH @
: NH
H\</E’) Cl w Y
c H=C0H } H—C
(:>_CH2 OH H (D_CHZ OH H,0 (:>—CH2 OH
ol = = T
@~ @~ @~
N CH N CH N CH
H H H

“aldimine” adduct
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Reaction of the “internal” aldimine with a free
amino acid to produce an “external” aldimine

I3
R—C—C—0-
| i I3
NH R—C—C—o0- R_lc_c_o_
Lys—Enzyme .
NH
e -
4
\CJ H* H—C—NH H* H—C
®—Ct oH Ht @—CHa %H HN—Lys-Enzyme ~(B—CH. on
Lo Lo Lo
N CH, N CHs N CHs
H H H
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Abstraction of the a proton of the amino acid

The first half reaction of transamination: formation

substrate of pyridoxamine and an a-keto acid
Be B:\v
.\y — o J—
© H
o R N o o
D(I? s~ i R _-C—0 (||) Ho.v (I? E\) (I? R—yz—g—o
R—T—C—O- R—C—}C—O0 |(|3 R\c _Cc—o- R4 _C—oO- R—C—C—O0-
9NH ®ILH (;)NH [l ‘g|(|: H— | >—H H—N—H
7 e f/) H—C (;)NH HN
®—cH, cH @—cH, | H—C—~H" H—C—H H—C—H H—C—H
OH ®—ct, OH f’
SN - . \Q OH ®—cH, | oy ©@—cr o @—c oy @—ct on
@~ CH @(—) N CH | | | | |
N 3 N CHg H 3 & @ @~ o
- — N CHs N CHs N CHs N CHs
o ) H H H H
aldimine a-carbanion Resonance . . ) _ ) )
stabilized stabilized ketimine carbinolamine  pyridoxamine
carbanion carbanion
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The second half reaction of transamination:
reaction of pyridoxamine and an a-keto acid Oxidative deamination
"
H
(ﬁ; i \O\) q it W
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®—cH, Lo ®—ch, Lo 2 \_-OH 2 o oH CO0~ : : C00
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CH, CH,
" EnzymEf‘Lys H oo | B I
Enzyme T NH, 0 COO COO~
\Lys R—C—C—O- o R—C—C—O-
®|‘\1 . Enzyme—LygNH ®rL ] K@LH Glutamate a-Ketoglutarate
ch// t"\c/\)2 ch//‘)
»
P—CH, L__on ;(F%CHZ Lo £CH2 L on
‘ & ‘ @~ ‘ @
N CHg N CHj N CHz
H H H
15 16
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Transport of ammonia
from extrahepatic tissue
to the liver in the form of
glutamine

AAKOL KG X NAD(P)H + NH4*
a KA Glu NAD(P)* + H,0O
/ NH," + ATP

J GIn
Ac-CoA, pyruvate,
& citric acid
cycle intermediates

Extrahepatic tissue
GIn

H,0
Blood stream .

NH4 — urea cycle
Glu

Hepatocyte (liver) 17
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Formed from transamination of 20 AAs —— =y,

00C—~CHy;—CHy—CH—COO

/ L-Glutamate
P ATP
I [ = ADP
0 0 NH,
O—=P—0—=C~CHy—CHy—CH—COO
. . Glutamyl
ATP-dependent amination of Glu to Gln< e phosphate
NH;
A - By
0, 5}'“:'
\:t‘.—l'}Ig—!‘}l._._—t‘l{—l'tll}
\ H N
L-Glutamine
. o alutuminase |,— HoO
Hydrolytic deamination v [
mitechondrin) % Nli;—-—- Urea

NH,
(N |
C—CH,—CH,—CH—C00
rd
o

]

L-Glutamate
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Nucleophilic displacement reactions
often require activation of a poor leaving
group to a good leaving group by
addition of phosphate from ATP

o @O((”)) <”3 _ e
JL . \T\O JL o \ @ —A> JJ\
R oH 4 j
© X$
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Transport of
ammonia from
muscle cells to
the liver in the
form of alanine

AAXOL KG XAH
o K? Glu Pyruvate Gycoysis Glucose

citric acid cycle

citric acid
cycle
intermediates

Extrahepatic tissue
A|aKa KG X NAD(P)H + NH,*

Pyruva/lte Glu NAD(P)" + Hy0
{Gluconeogenesis

/

Glucose

Hepatocyte (liver) .,
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What are the a-keto acid
counterparts for the following
amino acids?

Alanine
Aspartate

Glutamate
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Nitrogen

Excretion

\—m’m
and The E AN

Urea Cycle

matrix

Cytosol

Urea

et

Mitochondrial e
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— N, Citrullyl-AMP.
: i Q e
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Carbamoyl phosphate
o a
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(il}inr ATP
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| -
N NH = [CH gy = CH = €00

i Urea i

- i
Hyh = (EHy)y— EH—00™ o=P—0" M

Ornithine qu .L iy
L, {;uf:;

Hy0 on

Aspartate ity

oty 5 .
DOC—CHy—CH—C00'

h"j
High—C = W= ()= M — 00~
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gl Argininosuccinate
s "
e e O] o ','"'
000 — My — CH—NH — £ — o — Gy, — EH—COG™

Fumarate
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Carbamoyl phosphate
e oy

Mitochondrial HN—C—0—P—0-

. o P,
re a matrix @A .\
U i i
HaM— C— NH— (CHzl;— CH—CO0™
C I Ornithine Cllﬂ.I"Inl.‘
yC e Cyl‘osol Cltruillr?
HN _f NH—{CHaly— cu coo'
N 0
HyN— (CHy) 'E:!—cuc' Urea o !r o
N —CHh— = NH
Ornithine cycle ! :
Urea éu, { )
i
HaN—C—NHy @ " Citrullyl-AMP
intermediate
Hy0

Rrgminosuuinate
NH; NH,
'DOC—CH,—CH—II'I—C—NH—ICH;}! CH coo”

+ + Aspartate NH,
NHy NHy
HaN—t— NM— (CH3}a— CH—C00™ 200e= cu,—cu—
o 3 AMP
ArngineA

~00C— CH=CH—COO0™ @
Fumarate
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Formation of
carbamoyl
phosphate:
carbamoyl
phosphate
synthetase

i
O0—C—OH Bicarbonate

ATP
ADP

O—}lzl'—o—(“]—OH Carbonic-phosphoric acid
anhydride
0
L~ NH;
-

1
HoN—C—0OH Carbamate

-

N ADP

(If' I
H;N—C—0—P—0" Carbamoyl
(_!) phosphate
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Nucleophilic displacement reactions
often require activation of a poor leaving
group to a good leaving group by
addition of phosphate from ATP

JL. o — /P\@_A'R X

o o ©
O@ x:j ‘4 ‘lJ@

Carbamoyl phosphate synthetase

Role of ATP in converting a poor leaving group to a good one

: <P
Uncatalyzed ATP-assisted HeH O |l
amination amination 2 TE)/ADP
(first part of (first part of  HO Qe %
reaction): reaction): 1\ ADP
j(J):\) o HeY (”)
HO .9:: HOJI\ED:/T\O@
eNH; SNH,
- :
..@ o@
eOe + Hel (0]
CT.or el o

o0 Pte
OH- is a poor O@ P, is a good

NH3 : )
leaving group leaving group

slow
}\ H20 fast }\ P,
HeH

HeH
o I S
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Carbamoyl phosphate synthetase Reactions of the Urea Cycle:
. Carb 1 ph hat.
Step 2: Phosphorylation of the second oxygen eNe
e) Mitochondrial "‘N_C_c_'l;,_o-
o CfJ mictrix S e
JL O— P— ~_—~ADP o HoN— E—NH ()3~ O —COT"
O At Citrulline
[ ]
carbamate HoN .O.g/é &4 Cytosol Citrulline — AT
©
FADP 3 HN:%ENH—(CH;ig—éH:( n
- . o
A good leaving group L | e, -
ol 0 . Omnithine cycle ! :
*QOe for next reaction Where dothe -, L {f}ﬁ'
JL I two nitrogen 9 ; N
Carbamoyl HoN °* _P— O@ atoms HN—C=NHy () N Chrty-AMP
phosphate 2 9 | @ formed in the H30 o 4, intermediate
O Urea CyCIe e = {——Aspartate '?H;
originate H;n—g—lw—tw;h—é:—ma‘ @ “_'::C—CH:—W—CW_
Overall reaction: HCO4 + 2ATP + NH, - carbamoyl phosphate + P; from? Arginine Argininosuccinate
“00C— CH=CH—C00™ @ | oy s ;;H’ ~
7 00C—CHy— CH—NH — C— NH— {THglg— CH — OO0
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Fumarate
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Fumarate Argini: Urea
Malate
. +
NADH
Oxaloacetate Al‘g%nlino- Urea
succinate cycle Ornithine
Aspartate-
::?cr;.‘x:.t); Aspart Cytosol
shunt of
citric acid
Ornithine
cycle Aspartate “
éml{etoglutarate Carbamoyl
Oxaloa Glutamate phosphate
NADH
NAD*
S Malate Citric
Mitochondrial

acid
S cycle
) F'umdrate

matrix

table 18-1

Nonessential and Essential Amino Acids
for Humans and the Albino Rat

Nonessential Essential
Alanine Arginine*
Asparagine Histidine
Aspartate Isoleucine
Cysteine Leucine
Glutamate Lysine
Glutamine Methionine
Glycine Phenylalanine
Proline Threonine
Serine Tryptophan
Tyrosine Valine

*Essential in young, growing animals but not in adults.

S. Ensign, Chem. 5700 o S. Ensign, Chem. 5700 10
— e C-1 metabolism
Lysine Glutamine . . . . .
R écmm Histidine Biologically important oxidation states of C1 compounds
Tyrosine
' . 5 Why do we need C1
nociat wKetogutarate] [ Toleucn Oxidation state |Representative gro?J/p carriers??
3 . | et ml_'une ¢ ¢
i ¥ [ Cl molecules | je., why not have
1 (]
_ Citrate neid Succinyl-CoA | +4 HCO;, CO, these molecules as
e N4 free metabolites,
cetyl-Co. ucel .
£ ’-’” +2 HCOOH, CO like pyruvate or
7/ citrate?
A . :Ma]ate i O HCOH
[Pormae]
-2 CH,OH
Cotuins
Isoleucine Glycine '4 C H4
Leucine Serine Asparagine
Tryptophan | Tryptophan | | Aspartate
11 12
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Cofactors of one-carbon transfer

Biotin: a carrier of fully oxidized (+4)

[ C1 units
C
HN~ “NH
\ /
HC —CH
/ \
HQC\ /C\H
S
ICHz—CHz—CHz—CHz—COO_I
valerate
Biotin
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Cofactors of one-carbon transfer

Tetrahydrofolate: a carrier of diverse C1 units at
3 different oxidation levels (+2, 0, -2)

N 8a N p—ammubenzuate

ey Lo I
4 CH2 _NH C—NH—CH——CHQ—CHg—COO

6- methylpterln glutamate
Tetfrahydrofolate (H, folate)

Sites(s) of C1 group attachment

14
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assmien e -OrMal oxidation
state of C1 unit

+2

15
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Cofactors of one-carbon transfer
SAM: a carrier of a C1 methyl unit (-2)
(|300‘
H,N—C—H

methionine |

| OH OH

adenosine

S-Adenosylmethionine (adoMet) 16
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&lﬁ:l
CH,—CH—CH—C00

_‘hmﬂniua
o0 on [Threonine]
HN—C—H
CH,
CH; e {:H,—:"‘.—H oy
3
CH ,_s'a / NH,
S Acetaldehyde |
Methionine I CH,—C00
H - '8 . 8 a0,
I oth : . _ N N Methylene
~Mcn, derionyl bn, NH Hobolate T
)l\ kf‘ transferise CH;—CH—C00 " H, folat
N~ “CH, @ S-Adenosyl- e
H | methionine
N_
H
Tetrahydrofolate @
methionine
synthnse R
g f hyl
nvariety of methy
CH, @\ Sanaferssie CHy—CH—C00
Rr,k" coo coo 5
CH, v ] , R—CH, =
{l‘H Ne H"N_(I:_H Adenosine Ha H:lN_T_H a-Ketoglutarate Y
" " H CHs EH, Glutamate
N “-Methyltetrahydrofolate “H. “H. .
(|\H‘ hydrolase | H; pyruvale I~ 0y
SH SAdimicaing dehydmgenase oS
Homocysteine S-Adenosyl- i
homocysteine
[
CHy—C—8-CoA
Acetyl-CoA
17 18
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Professorial disclaimer: you will not be held responsible for
the information on this slide
+
I?Hg 1}"‘!3
- HyN—CHy —CHy—CH;—CH; —CH—C00
H—(I]—COO N—CH, —CH, —CH; —CH, (
H 4 stogs
4 | 0 N
Glycine NAD" O tR-c00 i i, NH, .
Alanine 00C—CHy—CHy—CHy—C—C00"~ CH—CH; —CH—CO0™ HO—:‘.\
-Ketondipate CH,
. H,0 H, folate | it s
serine v CoA-SH — | — NAD" B steps
hydroxymethyl- 5 arl0 3¢
- 5 » E _Me Pne- Il , Ci,
transferase NfN‘”-Methylene- N°, N "-Methylene CH;—C—C00~ c0; /" NADH COy * s
PLP H, folate glycine H, folate Pyruvate o
synthase " l ! i CHy—C—S-CoA 00C—CH=CH—C00
NADH + H 00C—CH,—CHy—CH,—(—S-CoA ! o T
l Glutaryl-CoA JI
Acetyl-CoA CHy—(C—CHy —C00
H, folate ! i
s Acetyl-CoA i COy Acotoacotate
NH, CO,; + NH; g 9 CoA-SH
H CH (|: COO- b) CHy —C—CHy,—C—8-CoA
O0—CH,— | = | Acetoacetyl-CoA.
H ﬁm., )
Serine CHy—CHy—CH—CH—000" —o CHy—C—S-CoA
CH, Acetyl-CoA
(@ [tneuin ]
I
CH;—CH,—C—S-CoA ———— Suecinyl-CoA
19 Propionyl-CoA 20
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disclaimer: you will 5 R il
be held T Professorial J—CHy—CH—C00
bl ' iscli i g
" . . Phenylalani
responsible for the CH,—CH—COO disclaimer: you will g Mo
information on this P ¢ not be held o P
slide e o \ responsible for the BRU| ) " hirosiae tetrabydrobiopterin
II > information on this oy
Se” ~N slide )
H — Hy
h HO—{ = CHy—CH—CO0
tophan 3
Tryptop
a-Ketoglutarate
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n ‘_® aminotransforase —
= N nod{ Nocn (II) oo
CH,COO CH,CH,;NH; A S
C/ %C_COO HO \ :H;'dmx,vphun_vlp)'mvnlu
“Tyrosinemia hydroxyphenylpyravate
EI) (|‘ iy i R " ”:nm;_\ .I:{-n;..ﬂ-l -
~NE N N €0,
H H o
Nicotinate Indoleacetate, Serotonin, 0—CH,—C00
(niacin), a plant growth a neurotransmitter ”D.f- c
a precursor of factor Hiiageibiants
NAD and NADP 21 22
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OH +
s’ l“IIHa
Y e QCHE—CH—COU
Ho'
. Homogentisate Phenylalanine
P_rofes_sorlal _ N CHy;—C—C00"
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i CHy —CH—COO0
OOC_EI=C_ﬁ_' 'II.,—{"‘—i THy—C00 Alanine
(o] [+]
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st —CH,—C—C00
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H
00C—C=C—C00" + CH;—(—CH;—C00 Phenylpyruvate
H L O CO, ~
Acetoacetate o
RURHS Succinyl-CoA HQO ™
F-ketoncyl-CoA
transferase Succinate (I)H
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4] 0
Acetoacetyl-CoA Phenylacetate Phenyllactate
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NH,
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